Index antiguiding in narrow ridge-waveguide (In,Al)GaN-based laser diodes J. Appl. Phys. 114, 113102 (2013) The authors report the first realization of sub-200 nm wide AlN-GaN-AlN (AGA) ridge waveguide with height-to-width ratio of 6:1, fabricated via inductively coupled plasma (ICP) etching with Cl 2 /Ar gas chemistry. Reactive ion etching (RIE) power and ICP power were varied in the ranges of 100-450 W and 200-600 W, respectively. An optimized RIE power and ICP power at 100 and 400 W, respectively, reduced the density of nanorods formed in the etched trenches. Further optimization of the gas flow rate of Cl 2 /Ar to 40/10 sccm improved the slope of the etched waveguide. In addition, the authors also developed a simple and novel dice-and-cleave technique to achieve cleaved end facet of AGA waveguide.
I. INTRODUCTION
Generating nanoscale optical field spot is of interest to many important applications such as optical data storage, optical sensing, and imaging. One approach to generate nanoscale spot at the near field is through the excitation of plasmonic modes in narrow metallic waveguides, which has been utilized in the application of near field scanning optical microscopy, heat assisted magnetic recording, etc. A significant side effect of this approach is the metallic absorption loss seen by the optical field. These losses worsen, especially if we are interested in the blue/UV regime. 1 An alternative approach to plasmonics is to use highindex contrast dielectric nanowaveguide with subwavelength confinement to achieve nanoscale optical field emission/ guidance. Dielectric waveguides does not introduce as high optical loss as metallic waveguides and could be integrated for on-chip applications.
In this paper, we report the first realization of sub-200 nm GaN/AlN-based nanowaveguide with a height-to-width ratio or the aspect ratio of 6:1 that is suitable for guiding single optical mode, through inductively coupled plasma (ICP) etching technique. ICP etching of GaN and AlN is challenging due to high atomic bonding strength. However, deep and vertical etching is particularly important for confining mode in the core layer. Previous works to date on ICP etching of GaN and AlN-based devices mainly discuss on the etching rate, etching selectivity and surface roughness [2] [3] [4] [5] [6] [7] in the context of either >500 nm scale or for gratings with small aspect ratio and side-wall slope. However, for the application of optical waveguide with a reduced width of sub-200 nm, the side-wall slope, side-wall roughness, and aspect ratio contribute to optical losses. So, it is important to increase the slope, minimize side-wall roughness, and improve aspect ratio.
In this work, we investigate the roles of reactive ion etching (RIE) power, ICP power, and gas flow rate in optimizing the waveguide sidewall slope, etched surface quality, and nanorod density in the context of sub-200 nm ridge waveguide with a high aspect ratio of 6:1.
In addition to a good waveguide profile, cleaved facet is also essential for coupling light between waveguide and freespace. So, in this paper, we also demonstrate a simple technique to obtain cleaved end facet of AlN-GaN-AlN (AGA) waveguide. Conventional cleaving along the crystallographic planes is not applicable to GaN/AlN-on-sapphire. The c-plane of GaN/AlN grown on c-plane of sapphire causes disorientation of GaN/AlN epilayers ð11 20Þ and sapphire substrate planes ð1 100Þ. Hence, cleaving along the crystallographic plane of substrate and epilayers may not be possible. 8 Some commonly used methods to cleave GaN/AlN-on-sapphire include microcleaving, laser scribing with manual breakage, and combined plasma-and-wet etching of facets. [9] [10] [11] For example, in microcleaving technology, multiple process steps are required to define cantilever features using lithography, followed by multiple wet etch steps to get a cleaved facet. In laser scribing, the substrate is thinned down and scribed using a high power laser on the substrate side followed by manual breakage. This method heats the device and hence could affect the performance. A combined plasma-and-wet etching could also be utilized to achieve the cleaving. Hence, the contemporary cleaving techniques either involve complicated process steps or heating the device. So, in this paper, we investigate a simple method based on manual cleaving with assistance from the dicing, named dice-and-cleave method. In order to realize sub-200 nm wide AGA waveguide, the fabrication process is as follows: A 280 nm-thick SiO 2 that acts as the ICP etching mask is first deposited using PECVD with SF 6 /N 2 O chemistry at 280 C. Then, a 300 nm PMMA950-5A is spin coated on top of it, followed by electron-beam lithography to define the waveguide patterns. The exposed sample is subsequently developed in MIBK:IPA (1:3) for 70 s. With PMMA as the mask, the pattern is transferred on to SiO 2 via Oxford RIE system. The chamber condition for SiO 2 etch required gases CHF 3 /Ar with a gas flow rate of 45/15 sccm and RIE power of150 W. Separate etching test was conducted to confirm that the RIE etching selectivity of SiO 2 to PMMA is slightly higher than 1:1. The etching of SiO 2 exposed the pattern to be etched on epilayers. After stripping the PMMA mask residue, epilayers are then etched using Unaxis ICP System with Cl 2 /Ar gas chemistry and SiO 2 as the hard-mask. 2, 3 The etching recipe is optimized in the following two steps.
In the first step, we minimized the density of nanorods, which is a commonly seen side effect of ICP-RIE etching in GaN-based material. 12 These nanorods are formed because of epilayer defects that are in-turn formed because of the lattice mismatch between the substrate and the epilayers. 13 The defective regions are loosely bound region, and hence an optimal combination of ICP and RIE powers can remove the nanorods provided the chamber pressure is low enough. We fixed the chamber pressure at 8 mTorr and varied the RIE and ICP powers. This test is carried out on commercially available GaN epilayers grown on Sapphire substrate, since we had limited supply of AGA epiwafers. The etched profiles for varying powers of ICP and RIE along with their etching selectivity and etching rate are shown in Fig. 2(a) . We include two structures in each cell of table in Fig. 2(a) , as shown in Fig. 2(b) . One structure is the result of etching trench and the other is the waveguide profile. Based on the scanning electron microscope (SEM) inspection of the trench profile, the density of nanorods in the etched region is qualitatively assessed. An optimal ICP and RIE powers of 150 and 400 W, respectively, reduced the nanorod density. By basing the nanorod density information on the SEM-based physical inspection of trench profiles, we avoid a more elaborate surface studies. In addition, we could also see that when ICP and RIE powers are 150 and 400 W, respectively, the waveguide is also optimally etched.
For some of the conditions in Fig. 2 , we could not include GaN-to-SiO 2 etch selectivity because they were overetched. Consequently, the nanorod density for those conditions had not reduced. So, we did not delve much on those conditions. Note that there is a small aberration in the data for the conditions of ICP ¼ 300 W and RIE ¼ 400 W. The etch rate must increase compared to ICP ¼ 150 W, RIE ¼ 400 W, when ICP power is increased to 300 W but it shows a small decrease. Again, we did not delve much on this recipe as well, since the nanorod density had not reduced and we had found an optimal recipe in ICP ¼ 150 W and RIE ¼ 400 W. We further confirmed on multiple samples that the condition of ICP ¼ 150 W and RIE ¼ 400 W was indeed optimal in reducing the nanorod density.
In the second step, we varied the gas flow rate by fixing the optimized ICP and RIE powers at 150 and 400 W, respectively. For this test, we used AlN epilayers that were grown in-house using MBE. The etching time is 2 min. We observed an improvement in the sidewall slope when the gas flow rate is increased. As shown in Fig. 3, for a gas 12 compared to the gas flow rate of 20/5 sccm (Cl 2 / Ar). We also noticed that the etching rate of AlN is 170 nm/ min at 20/5 sccm gas flow rate and 181 nm/min for 40/10 sccm gas flow rate for the case of ICP ¼ 150 W and RIE ¼ 400 W, which is significantly lower than the etching rate of GaN shown in Fig. 2 . The AlN-to-SiO 2 etching selectivity is also lower than GaN-to-SiO 2 selectivity, giving 4.5:1 at the lower gas flow rate and 4:1 at the higher gas flow rate. It could be because of the increased atomic bond strength of AlN. Furthermore, the higher etch rate and lower etching selectivity at the higher gas flow rate is possibly due to the increase in Ar ions contributing to increase in physical etch rate. The gas flow rate of Cl 2 /Ar at 40/10 sccm may also have provided an optimal chamber environment for physical and chemical etching for achieving a good slope. To the best of our knowledge, this is the best slope achieved for submicron waveguide. A slope of 85 has been achieved for waveguide with larger dimensions through the combination of plasma and wet etching but not for submicron waveguide.
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The optimized etching recipe is then used to etch the actual sample of AlN-GaN-AlN epi-wafer. The resultant AGA ridge waveguide is shown in Fig. 4 . The width of GaN core is 178 nm, and the etching depth is 1053 nm, which resulted in an aspect ratio of 6:1. The recipe also minimized the nanorod density in the etched region.
In Sec. III, we present the results of cleaving the fabricated AGA ridge waveguide using a novel dice-and-cleave approach.
III. DICE-AND-CLEAVE METHOD FOR ALN-GAN-ALN-WAVEGUIDE
Smooth end facet can eliminate undesired field scattering or beam distortion to generate nanoscale optical field spot at the waveguide end facet. Conventional cleaving technique cannot be applied to AGA-epilayers-on-sapphire substrate due to the disorientation of crystallographic axes of substrate and epilayers. Hence, cleaving along a crystallographic plane is not possible. So, here we investigate a simple cleaving method, called dice-and-cleave approach, which is based on manual cleaving with assistance from the dicing.
As shown in Fig. 5(a) , we first dice from the backside of the wafer to a controlled depth, such that the bottom of the kerf is 200 lm away from the wafer top surface. This is done using a DISCO diamond blade of 150 lm thickness. In the subsequent manual breaking step, as shown in Fig.  5(b) , force is applied from the side of the substrate to cleave along the GaN crystal plane. Figure 5(c) shows the cleaved facet of AGA waveguide using dice-and-cleave method.
IV. SUMMARY
In summary, a sub-200 nm wide GaN/AlN-based ridge waveguide, with an aspect ratio of 6:1 was experimentally realized, through ICP etching with Cl 2 /Ar chemistry and SiO 2 as hard mask. The nanorods that are commonly observed due to ICP etching of GaN were successfully removed by optimized RIE and ICP powers. The slope of the etched waveguide was improved through the optimized gas flow rate to obtain 180 nm wide and 1000 nm tall waveguide. A simple cleaving method, called dice-and-cleave method, was proposed and demonstrated to cleave the fabricated AlN-GaN-AlN-based waveguides.
